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Summary Introduction

The properties of ceramic matrix composites (CMC's) are Ceramic matrix composites (CMC’s) are potential candidate
known to display a considerable amount of scatter due tgnaterials for the High Speed Civil Transport (HSCT) structural
variations in fiber/matrix properties, interphase properties,cOmponents. As such, they will be required to have an assured
interphase bonding, amount of matrix voids, and many“fe of several thou.sand.hours. Estimating the rel|ab|I|ty. of
geometry- or fabrication-related parameters, such as plj€S€ components is quite a complex process and requires a
thickness and ply orientation. This paper summarizes pre”miknowledge of uncertainties that occur on various scales. Unlike

nary studies in which formal probabilistic descriptions of the conventional materials, CMC’s have properties that display
material-behavior- and fabrication-related parameters wer&onsiderable scatter because of the uncertainties encountered at

incorporated into micromechanics and macromechanics fofVe"Y 1€vel. For example, there are uncertainties or scatter
CMC'’s. In this process two existing methodologies, namelymherentmthe constituent (fiber, matrix, and interphase) prop-

CMC micromechanics and macromechanics analysis and a faEfties and uncertainties in the fabrication process that result in
probability integration (FPI) technique are synergistically S?atterrtiln thti fltr)r?r-t\r/iihj/miz (/atllo;nther Igterp;lgstﬁ thlcknrﬁstsrianld
coupled to obtain the probabilistic composite behavior orPTOPETUES, the ma old-volume ratio, and th€ geometrica
S . . parameters of the laminate—such as ply thickness and the

response. Preliminary results in the form of cumulative prob-" . .

T ) . o .~ orientation of the ply. All of these must be formally accounted
ability distributions and information on the probability sensi- : S : .
- - . Ll for if CMC behavior is to be predicted with assurance that the
tivities of the response to primitive variables for a unidirectional

component will have the required reliability during its operat-
silicon carbide/reaction-bonded silicon nitride (SiC/RBSN) b ! v au! 'ablirty aulring 1's op

. L _ ing life. Consequently, there is a need for analytical tools that
CMC are presented. The cumulative distribution functions arequantify the uncertainty in the “response” variables while

computed for composite moduli, thermal expansion COeffi-ioing into account the inherent scatter in the basic or “primi-
cients, thermal conductivities, and longitudinal tensile strengt}}ive,, variables. Primitive variables are the constituent proper-
at room temperature. The variations in the constituent ProPelGes/parameters that participate at the lowest level (e.g., the
ties that directly affect these composite properties are accountggjcromechanics level) in defining a global property. The fiber-
for via assumed probabilistic distributions. Collectively, the yolyme ratio and the individual constituent properties such as
results show that the present technique provides valuablgher modulus, matrix thermal expansion coefficient, and fiber
information about the composite properties and sensitivitytensile strength are some of the primitive variables. These are
factors, which is useful to design or test engineers. Furtherassumed to be independent and have their own statistical
more, the present methodology is computationally more effi-gistributions. Response variables are those that characterize the
cient than a standard Monte-Carlo simulation technique; an@omposite behavior, such as the longitudinal modulus, the
the agreement between the two solutions is excellent, as showfansverse thermal expansion coefficient, and the longitudinal
via select examples. thermal conductivity.
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In the current practice of deterministic approaches, uncer-The second one consists of an FPI technique that takes into
tainties are usually accounted for by using safety factors. Thisaccount the uncertainties occurring on various scales in a
approach can often yield overly conservative designs, therebgomposite and computes the cumulative probabilistic distribu-
reducing the potential of many advanced composite materialstion of composite global behavior. A schematic of the inte-
Currently, work is underway at NASA Lewis Research Centergrated approach is shown in figure 1. A brief description of the
to incorporate the probabilistic distribution of material- two methodologies in CEMCAN and FPI are given in the
behavior- and fabrication-related parameters into thefollowing sections.
micromechanics and the macromechanics of CMC's. The
primary objective of this work is to develop an efficient Ceramic Matrix Composite Micromechanics
computational design tool that could account for all the uncer-and Macromechanics
tainties in the constituent properties in a more rigorous manner Over the past two decades several micromechanics-based
and also provide the overall composite properties and theitomputer codes have been developed inhouse for polymer
probabilistic distributions. Such information could then be matrix, metal matrix, and CMC analyses (refs. 1, 4, and 5). The
used to design structural components to meet the necessary lifmomputer code that is currently being used inhouse to analyze
requirements. In addition to providing more rigor to the analy- CMC'’s is CEMCAN. CEMCAN utilizes a novel and unique
sis than the so-called safety factor approach does, such procéiber substructuring technique in conjunction with conven-
dures would enhance interpretation of the experimentallytional micromechanics that is based on a mechanics-of-
measured CMC properties that are scattered over a wide rangeaterials approach. Reference 1 describes the usage of the
Furthermore, the procedure would help identify the dominantcode, and reference 2 describes the various equations embed-
variables, those that mostinfluence a specific response, therebyed in it, along with the theoretical aspects. Because CEMCAN
providing guidelines for quality control during the fabrication has a unique fiber substructuring technique, it offers several
of these materials. Thus, the methodology could be applied noadvantages over conventional unit-cell-based micromechanics
onlyto the design butalso to the development of a better materiatheories. It more accurately represents micromechanical inter-

The approach taken in the present effort was to combine théacial conditions and provides much greater detail about local
CMC analysis embedded in the computer code CEMCAN stresses. As shown in parts of figure 1, CEMCAN's methodol-
(CEramic Matrix Composite ANalyzer, refs. 1 and 2) with the ogy consists of an incremental synthesis of the properties,
fast probability integration (FPI) techniques available in starting from the constituents—namely, the fiber, the matrix,
NESSUS (Numerical Evaluation of Stochastic Structuresand the interphase—to form a slice. The slice-level properties
Under Stress, ref. 3). The role of CEMCAN was to provide theare obtained by using composite micromechanics equations,
functional relationships (micromechanics and macromechanicsyhich are represented by simplified closed-form equations.
that tie the constituent properties to the equivalent compositeThe slice-level properties are, in general, equivalent elastic
behavior. The role of FPI was to perform probabilistic analysesproperties such as moduli, Poisson'’s ratios, thermal expansion
by utilizing the properties generated by CEMCAN. The results coefficients, and heat conductivities. From slice level to single
are cumulative probability distribution functions (CDF’s) for lamina level and, subsequently, to laminate level, the code
ply and laminate properties of the CMC’s. A CDF is the repeatedly applies classical laminate theory to obtain
relationship defined by the value of a property (responsecomposite-level properties and responses. Given a specific set
variable) with respect to its cumulative probability of occur- of loads, the code can progressively decompose, as indicated in
rence. The probabilistic sensitivities of the response variabledigure 1, retracing the steps followed during synthesis so as to
to inherent scatter in primitive variables are obtained asyield laminate-, ply-, and slice-level responses and constituent
byproducts of the FPI technique. Select examples of CDF’s ofmicrostresses. The code can predict ply- and laminate-level
composite properties (mechanical, thermal, and strengththermal and mechanical properties as well as a detailed descrip-
related properties) and the related sensitivity factors for ation of the resulting microstresses caused by an applied load. It
unidirectional SiC/RBSN [g composite laminate are pre- alsoaccounts fornonlinear effects due to material nonlinearities
sented here for illustration. as well as those due to local stress redistribution resulting from

progressive fracture. By analyzing the response of CMC's, we
can account for fabrication-related parameters. Amore detailed

Probabilistic Ceramic Matrix description of this methodology can be found in reference 6.

Composite Analysis Probabilistic Simulation
There are a number of approaches available for obtaining a
As previously mentioned, the present work adopts an inte-probabilistic response from a set of independent variables and
grated approach, which is a synergistic combination of twothe expressions describing the response behavior. Monte-Carlo
inhouse-developed methodologies. The first methodology issimulation is one such fairly common approach to obtaining the
concerned with CMC micromechanics and macromechanicsCDF’'s of composite properties, given the probability
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Figure 1.—Integrated probabilistic ceramic matrix composite mechanics approach.
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distributions of constituent properties, which are considered as Z(X) = z(xll Xo, ..., xn) 1)
independent variables. In this technique, randomly selected

values of the input variables, which are based on their known .
S L whereZ represents the response variable dmépresents the
probabilistic distributions, are used to deterministically com-

fandom variable. Our aim is to compute the probabilityZhat

pute the value of the response variable. This is repeated, usual\%iII have a value less than or equal to a given magnydeo

several hundreds of times, to build the response pmbab'“s“cachieve this goal, the performance function, which describes

characteristics. In essence, this technique requires a larg . 7
. . ) : ow the mechanics of the system behave, can be cast as a limit
number of simulations to generate CDF’s of output variables. : . .
state functiorg(X), which can be described as

Although inherently simple, the large number of output sets
that must be generated to obtain a reasonably accurate CDF of

output variables becomes its obvious disadvantage. Further- 9(X) = Z(X) - Zy 2
more, if the deterministic computation of the response is

complicated and time-consuming, the computational costsHere the objective would be to compBfg(X) < 0]. In the case
could become prohibitive. Obviously, to circumvent this whenZ  describes a limit indicating failurg(X) is called a
computationally very expensive and time-consuming proce-failure function, or in a classical sense, the probability of the
dure, more efficient approaches and algorithms are needed. stress exceeding the strength.

For more than a decade NASA Lewis has been engaged in Given the probability density functidg(x) of the limit state
developing efficient probabilistic methods. As a result of this function g(x), we can formulate the limit state probability
intensive program, an FPI (ref. 3) was developed to solve &[g< 0] as
large class of engineering problems. In the following para-
graphs we describe the problem to be solved and how the FPI
was used to investigate the probabilistic behavior of Py = P[g(X) < 0] :I...fo(x)dx ©)
ceramic composites. Q

Let us say that there angandom variables in a problem and
that we want to use probabilistic analysis to compute thewhereQ describes the domain of integration. This multiple
probability of occurrence of a certain response function integration is, in general, very difficult to evaluate analytically.
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However, FPI has been found to be an excellent tool to evaluatenicromechanics and macromechanics theory. A performance
equation (3) efficiently and accurately. function is developed by using a numerical approach. In this
FPl is a probabilistic analysis tool that implements a variety approach an explicit response function is developed by perturb-
of methods for probabilistic engineering analysis and designing the independent random variables about their magnitude
(see schematic in fig. 2). In general, FPI requires the following:and using CEMCAN to compute the response. Discrete evalu-
(1) The independent and uncorrelated input (design) vari-ations of the response variables for the perturbed values of
ables and their probability distributions must be defined. independent variables are then fit into a function by using
Constituent properties, FVR, void-volume ratio (VVR), ply regressionanalysis. The uncertainties of aresponse variable are
thickness, ply alignment, and the like must be independengjuantified in the form of a CDF by the following procedure;
variables that determine the composite properties. In equation (1) The primitive variables and the corresponding probabilis-
(), X represents these variables. tic distributions are selected. (For example, to generate the CDF
(2) There must be a function (called the performance func-of the composite longitudinal modulus, the primitive variables
tion) that defines the relationship between the response variableould be the fiber modulus, matrix modulus, FVR, and so
and the independent variables. Ply or laminate properties aréorth.) For a given set of values of primitive variables, the
the response variables in this paper. In equation (1), vadable micromechanics and macromechanics in the CEMCAN com-
is a dependent variable whose uncertainties must be compute@uter code are used to compute the desired response variable.
The variables that are uncertain in nature are identified as (2) The whole process is repeated to generate a table of
independent in step (1). Their probability distributions can beresponse variable values that correspond to the perturbed
obtained from the available measured data or can be assumaalues of the primitive variables.
on the basis of experience and judgment. For most problems, it (3) The FPI analysis then uses the previously generated table
is difficult to determine analytical expressions representing ato compute the CDF and the corresponding sensitivities of the
relationship between independent and dependent variables. Iresponse.
the case of CMC's, itis very complicated to build relationships FPI computes the CDF of the performance and the proba-
for the ply or laminate properties as a function of constituentbilistic sensitivity factor. The CDF can be computed at user-
properties, fabrication parameters, and such. CEMCAN codealefined performance levels or probability levels. Several
has a built-in capability to form such relationships, using methods canbe usedto compute a CDF and/or failure probability.

CEMCAN performance )
Output options

function z = f(xq, Xo, X3)

Distribution type

Random variable

statistics

Fast probability

integration (FPI)

analysis engine

CDE
X1 X2 X3 z
Sensitivity factors Response cumulative

distribution function
(CDF)

Figure 2.—Fast probability integration input-output schematic.
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In addition to the CDF's of the response, the FPI techniqueconsidered to quantify uncertainties in some of the composite-
provides additional information regarding the sensitivity of the level properties for a unidirectional f0tomposite. Specifi-
response with respect to the primitive variables. Sensitivity cally, in this work, the FVR, fiber modulugj, matrix modulus
information is very useful for studying the probabilistic varia- (E,,), interphase modulug&y), interphase thickness;)( coef-
tion of the response. Note that the sensitivity obtained herdicients of thermal expansion of the fiber, matrix, and inter-
should not be confused with the conventional deterministicphase §;, a,,, anda;), thermal conductivities of the fiber,
sensitivities of the response. Sensitivity in probabilistic analy- matrix, and interphas&{, K, andK;), and the room tempera-
sis consists of a product of two parts. The first part has the usudlre tensile strengths of the fiber, matrix, and interpt&sg¢,
meaning, akin to deterministic sensitivity. The second part isandS) are considered random; other parameters were assumed
the result of the scatter in a primitive variable, and it accentuateso be deterministic. The interphase is a distinct region with a
the deterministic sensitivity. The magnitude of the sensitivity finite thickness that arises as a result of fiber coatings or as a
factor provides a way to rank the importance of the individual “reaction-zone” caused by a chemical reaction between the
physical variables. The sign of the sensitivity factor indicatesfiber and the matrix material as these composites are processed
how a specific random variable influences the failure probabil-at very high temperature. In any case, interphase material is
ity. For example, a positive sensitivity value indicates an assumed to have its own properties, which are different from
increase in failure probability with an increase in the randomboth fiber and matrix properties. For illustrative purposes the
variable. Thus, the sensitivity information obtained from FPl is assumed distribution types and parameters for the selected
very useful from the design point of view. The scatter of the random variables are shown in table Il. However, the actual
significant variables can be controlled to improve the reliabil- distributions for primitive variables were based on experimen-
ity. Thus, weak physical variables with large uncertainties maytally measured values whenever available. The micromechanics
have probabilistic sensitivity factors that are more importantand macromechanics embedded in the CEMCAN computer
than strong physical variables with small standard deviationscode were used to compute composite properties. The micro-
Variables with no scatter (deterministic) will obviously result mechanics equations are not shown here for the sake of brevity,
in zero values for the sensitivity, which implies that the responsebut are readily available in reference 1. The FPI technique was
scatter is unaffected by such variables. used to obtain CDF'’s of the required properties. FPI offered

very valuable additional information in the form of sensitivity
factors, which represent the sensitivity of output variable
. . uncertainty to the uncertainty in the selected primitive random
Results and Discussion variables.
Three composite properties, the longitudinal modElys,

The material system chosen for this work was SiC/RBSNinplane transverse modul&s,,, and inplane shear modulus
(silicon carbide SCS-6 fiberin areaction-bonded silicon nitride G.15, were chosen to illustrate the probabilistic mechanical
matrix). This composite system is known to have a very compli- behavior of the composite. The composite coefficients of
ant and weak interphase. The mean values of the constituetbermal expansion,, anda,, and the composite thermal
properties are shown in table I, which is taken from reference 7conductivitiesK ;; andK ,, were chosen as the composite’s
The uncertainties in the composite system occur at variougepresentative probabilistic thermal behavior. In addition, the
levels owing to both the inherent scatter in the material proper{probabilistic behavior of unidirectional composite longitudinal
ties and the uncertainties associated with the manufacturingensile strength at room temperature was also examined. The
processes. They may occur at constituent (fiber, matrix, ofCDF’s of these response variables, along with their sensitivity
interphase) level, at ply level (FVR, VVR, thickness of the factors with respect to the appropriate primitive variables, are
interfacial region, etc.) and at composite level (ply angle, layup,shown in figures 3 to 18 and are discussed in the following
etc.). paragraphs.

However, in this preliminary work, uncertainties in the The CDF of composite longitudinal modulkg;, and its
constituent material properties and those at ply level wereprobabilistic sensitivity to the various primitive variables are

TABLE |.—CONSTITUENT PROPERTIES OF SiC/RBSN COMPOSITE?

Property SiC fiber RBSN matrix Interphase
Modulus, GPa (Mpsi) 390 (56.6) 110 (15.95) 35 (0.5)
Poisson’s ratio 017 0.22 022
Shear modulus, GPa (Mpsi) 117 (17) 45 (6.5) 1.4 (0.2)
Coefficient of thermal expansion, K™ (°F™%) 41x10° (2.3x107%) | 29x 10°(1.6x107°) | 20x10° (1.1x10°°)
Thermal conductivity, W/im-K (Btu/ft-hr °F) 22x10°° (12.7x10°%) 5x10° (2.9x10°) | 20x107° (1.2x107°)

®Fiber and matrix properties are taken from reference 7 and interphase properties are based on calibration explained in
reference 7.
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TABLE II.— PRIMITIVE INPUT VARIABLES DISTRIBUTION PARAMETERS

Variable Units Distribution | Parameter 1 | Parameter 2
mean va uea coefficient
of variation
Fiber
Modulus, E; GPa (Msi) Normal 390 (56.6) 0.05
Coefficient of thermal
expansion, o 10°%K (1079 F) Normal 4.4 (2.4) 005
Thermal conductivity, K W/m-K (Btu/ft-hr°F) Normal 22 (13) 0.05
Tensile strength, S GPa (ksi) Weibull 2 (285) 0.05
Matrix
Modulus, E, GPa (Msi) Normal 110 (15.95) 01
Coefficient of thermal
expansion, d, 109K (10£/°F) Normal 21(1.2) 01
Thermal conductivity, K, | W/m-K (Btu/ft-hr’F) Normal 4.2 (2.4) 01
Tensile strength, S, MPa (ksi) Weibull 93 (13.5) 0.15
Interphase
Modulus, E; GPa (Msi) Normal 3.5(0.5) 0.15
Coefficient of thermal
expansion, a; 109K (107 F) Normal 21(1.2) 01
Thermal conductivity, K; W/m-K (Btu/ft-hr°F) Normal 2.4 (1.4) 01
Tensile strength, S; MPa (ksi) Weibull 80 (11.6) 0.15
Thickness, t; pum (mils) Normal 4.2 (0.17) 02
Fiber volume ratio, FVR e Normal 0.36 01

#Data obtained from reference 2.

shown in figures 3 and 4. The computed mean valkg,gfor the figure, the Monte-Carlo results agree very well with those
this particular composite is 183 GPa with a scatter range of 15%rom FPI. Sensitivity information based on the Monte-Carlo
to 224 GPa. In other words, if we were to experimentally simulation was not obtained because doing so would have
determine the longitudinal modulus of such a composite sysinvolved a substantial additional effort with little added value,
tem, we could expect values anywhere in the range indicated bgnd it is beyond the scope of the present study.
the scatter. Such information obviously gives a test engineer Figures 5 to 8 show results pertaining to the inplane trans-
useful insight with which to design and plan the test setup andrerse modulug,,and the inplane shear moduGs ,. These
the number of tests for a particular material study. figures also show the range of values that these moduli can take.
Sensitivity factors provide information for ranking the However, the sensitivities do not appear to remain constant
importance of various input variables in controlling the output throughout the range of probabilities. Consequently, impor-
response and scatter. For examplg, is most sensitive to the  tance ranking of the primitive variables can change, depending
FVR (fig. 4). This is to be expected because the longitudinalon the probability level. For example, in the caseEgf,
modulus is essentially controlled by fiber-dominated behavior. (fig. 6), the matrix modulus is the most sensitive primitive
Also important are the matrix modulus, fiber modulus, and thevariable at low probability levels, whereas at higher probability
interface thickness. If we wish to control the scatter in thelevels, the interphase thickness becomes the most sensitive
longitudinal modulus of this particular composite, the biggest parameter—a fact not apparent from the micromechanics equa-
payoffs will result from controlling the scatter in the FVR. On tions alone. The trends of the curves for the transverse modulus
the other hand, the modulus of the interphase material has nand the inplane shear modulus appear to be similar in nature.
effect on the scatter of the ply longitudinal modulus. In this  Figures 9 through 12 show similar plots for the coefficients
situation, any effort in the processing or elsewhere that will of thermal expansiom; anda.,,. Fora.,, the predicted
change the modulus of the interphase will not help control themean is 3.38, and the scatter range is 2.85 to 3.91 ppm/K. The
scatter in longitudinal modulus. Another point of interest is that scatter range is based on three standard deviations from the
the sensitivities remain constant throughout the probabilitymean. An examination of the sensitivity factors indicates that
range considered. In order to verify these results, a limitedthe most important variable for controlling response scatter is
number of Monte-Carlo simulation studies were also under-the thermal expansion coefficient of the fiber. Also, the coeffi-
taken. The CDF for the longitudinal modulus obtained from cient of thermal expansion of the matrix, the FVR, and the
10 000 samples is also shown in figure 3. As can be seen froomatrix modulus appear to have a significant effect on the

6 NASA TM-4766



=
o
I

FPI
----- Monte Carlo

Cumulative probability
o o o
N o o0
I I I

o
(V)
|

0.0 1 | | | |
125 145 165 185 205 225 245
Composite longitudinal modulus, E¢11, GPa

Figure 3.—Cumulative distribution function of longi-
tudinal modulus Eq of [0]g SIC/RBSN composite.

Sensitivity

—— FVR
—t— E¢
—— Epn
: EI
——
03—
02¥ v v W
01—
0.0 O O QO
-0.1 —
-0.2 —
-0.3 —
04
-0.5 = O
-0.6 = BNA
o7 | | | T
0.0 0.2 0.4 0.6 0.8 1.0
Probability

Figure 4.—Sensitivity factors for E.q4 for [0]g SIC/RBSN
composite.

NASA TM—-4766

Sensitivity

o o o =
I o 0 o
I I I I

Cumulative probability
o
)
I

I I |
60 90 120
Inplane transverse modulus, Eco5, GPa

o
o

w
o

Figure 5.—Cumulative distribution function of inplane
transverse modulus Ey5 of [0]g SIC/RBSN composite.

—>— FVR
—{— E;
—2— Epn
—O— E;j
——
0.8 —
(b_% w

04 — w

0.2 —
0.0 IMI—-_%

_02 -
0.4 ()—-—0@
-0.6 —
-0.8 —

10 | | | | |
0.0 0.2 0.4 0.6 0.8 1.0

Probability

g

Figure 6.—Sensitivity factors for inplane transverse
modulus Ey, of [0]g SiIC/RBSN composite.

1.0 —

© o o
» (o2} oo
I I I

Cumulative probability
o
N
I

| | |
20 30 40 50
Inplane shear modulus, G.12, GPa

o
o

=
o

Figure 7.—Cumulative distribution function of inplane
shear modulus G, of [0]g SIC/RBSN composite.



—— FVR
—— E
ﬁ Em
—O0—
0.8 =
0o —
0.4 :%
> 02
2 o010 3} {1
B
c -0.2
3 B
0.4
-0.6
-0.8
10 I I I I |
0.0 0.2 0.4 0.6 0.8 1.0
Probability

Figure 8.—Sensitivity factors for inplane shear modulus
G122 of [O]g SIC/RBSN composite.

o o o =
~ o o o

Cumulative probability

o
(V)

0.0

2.0

2.5 3.0 3.5 4.0 4.5 5.0
Longitudinal thermal expansion coefficient,
ac11, PpmM/K

Figure 9.—Cumulative distribution function of coef-
ficient of longitudinal thermal expansion a1 of [O]g
SiC/RBSN composite.

—— FVR
—— E¢
—— Ep
—O0— FE
——
—l— o5
0.4 — —h—
——
1 L s
0.2 —
- % Yo%
0.0@—C O OO
2
s O—TF 00—
% 02—
[
(]
n
0.4 o &
ﬁ A Ag
-0.6 —
-0.8 | | |
0.0 0.2 0.4 0.6 0.8 1.0
Probability

Figure 10.—Sensitivity factors for coefficient of longi-
tudinal thermal expansion a4 of [0]g SIC/RBSN

composite.
1.00 —
-=/x-- Monte Carlo
FPI

> 0.80 — € FPlmean
= value
Q
© ] FPI scatter
€ 0.60 —
o Y range
o
(]
=
® 0.40
>
IS
j
O

0.20

0.00 | | |

1.00 142 1.83 225 267 3.08 350
Transverse thermal expansion coefficient,
oo, PPpM/K

Figure 11.—Cumulative distribution function of coefficient
of transverse thermal expansion ac», of [0]g SIC/RBSN
composite.

NASA TM—-4766



0.6

0.4

0.2

Sensitivity
S
N

04 —

-0.6 —

_08 -

Lot | | —
0.0 0.2 0.4 0.6 0.8 1.0

L

a
[ Il
iy

26— <

Probability

Figure 12.—Sensitivity factors for coefficient of trans-
verse thermal expansion ago, of [0]g SIC/RBSN
composite.

1.0

© o ©
N o fe°)

Cumulative probability

o
(V)

0.0

5 7 9 11 13
Longitudinal thermal conductivity, K11, W/m-K

Figure 13.—Cumulative distribution function of longi-
tudinal thermal conductivity K11 of [0]g SIC/RBSN
composite.

NASA TM—-4766

response scatter. The remaining variables have only minimal
influence on the response. This behavior is to be expected since
the longitudinal thermal expansion of a unidirectional compos-
ite is essentially controlled by the fibers. The expressions for
the thermal expansion coefficients are, in general, much more
nonlinear because they involve products of moduli, volume
ratios, and constituent thermal expansion coefficients. We,
therefore, decided to check the FPI results with a standard
Monte-Carlo technique as well, and generated 10 000 samples
for the Monte-Carlo simulation. As shown in figure 11 for the
transverse thermal expansion coefficient, the CDF calculated
by using FPI agrees very well with that determined by the
Monte-Carlo method. The predicted mearndgy,is 2.25 ppm/

K, and the scatter range is 1.58 to 2.92 ppm/K. The sensitivity
plot (fig. 12) shows that the dominant variables &5,
response are different from thoseogf,. Of the sensitivities,

the matrix coefficient of thermal expansion influences the
response probability most, followed by the interphase thick-
ness, the interphase modulus, the matrix modulus, and the fiber
coefficient of the thermal expansion. The fiber modulus, which
was the most important variable for the casegf, has little
influence on ther,, response. Likewise, the interphase ther-
mal expansion coefficient has little influence on the response
scatter. These results are, to some extent, intuitively obvious.
The behavior in the transverse direction is essentially matrix
dominated, and therefore, the matrix properties have a greater
effect on thea.,, response scatter. From these two figures we
can conclude that the scatter in the transverse thermal expan-
sion coefficient can be effectively reduced by reducing the
scatter in the matrix thermal expansion coefficient and the
interphase thickness.

The curves for the longitudinal and the transverse thermal
conductivities are shown in figures 13 through 16. The pre-
dicted scatter range fé,,is 7.4 to 11.6 W/m-K and fd€,,
is 4.2to 7.1 W/m-K. The FVR is the most significant variable
forK 4, whereas foK ,, itis the matrix thermal conductivity.

All the primitive variables considered appear to significantly
influence the scatter in the longitudinal thermal conductivity
response. However, the thermal conductivities of the fiber and
the interphase appear to have only minimal influence on the
transverse thermal conductivity response.

A limited study has also been undertaken to assess the
probabilistic strength of the composite. The room temperature
ultimate longitudinal tensile strength was investigated fagla [0
SiC/RBSN laminate in which stress is redistributed with pro-
gressive fracture. The results are shown in figures 17 and 18.
The CDF of the strength response, as predicted by the FPI,
shows that we could expect a scatter range of 472 to 850 MPa
with a mean of 661 MPa. The variable that most influences the
scatter of the strength is the FVR, which is followed by fiber
strength. Since a higher scatter was assumed in the FVR
(10 percent) than in the fiber strength (5 percent), the ranking
may have been influenced. Matrix strength appears to have the
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—>— FVR probability integration technique to generate cumulative distri-
0.6 — Vg bution functions for mechanical, thermal, and strength-related
' —&— Si1t-f properties of a unidirectional SIC/RBSN composite. Collec-
0.4 — —O— S1tm tively, the results show that the present technique can provide
0.2 - 4\7/‘2 guantitative as well as qualitative information that can be used
' %f v as a guide in the fabrication and testing of the material. The
> 00— present methodology is computationally more efficient than
= Yo—o0— the standard Monte-Carlo simulation technique, and agreement
@ 0.2 = ? between the two is excellent, as is shown in the results. The
P 04— probabilistic laminate properties and responses can be used to
A T design a more rigorous component, thereby avoiding the usual,
-0.6 — overly conservative, conventional deterministic safety factor
-0.8 &% g app_roaches. T_he results pro_v_id_e valuable info_rma_tion on com-
Lo | | | | | pos!te properties and senS|t_|V|ty fa(_:tors, which is useful to
0.0 02 04 06 08 10 design, test, and manufacturing engineers.
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